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A new type of induction accelerator .Resea,ch Program j \é

promises to provide increased gradient for P
- - awrence Livermore National Laboratory
a number of applications .

* Dielectric Wall Accelerator (DWA) for flash x-ray
radiography

* Important technologies for the DWA
— High gradient insulator technology
— Blumlein development
— Solid-state switch development

— Dielectric materials
* Proton therapy concept

« Summary
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DWA technology originated with a desire for .Beam
more compact flash x-ray sources Research Program }“:gg
. Lawrence Livermore National Laboratory

* existing LIA
sources have
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Dielectric Wall Accelerator (DWA)
incorporates pulse forming lines into a high
gradient cell with an insulating wall

Beam

. Research Program %

. Lawrence Livermore National Laboratory
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State of the Art Electron
Induction Accelerator
= 0.3 - 0.5 MV/meter Gradient

* Patent Pending
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Important elements for
the DWA

* High gradient insulators
 PFL architecture
» Switches

 Large size dielectrics with
high dielectric constant and
high bulk breakdown strength
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High gradient insulators (HGIs) perform 2 Research Program

- 5 x better than conventional insulators* .LawrenceL/vermorewaﬁona/Laboratory
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Conventional Insulator  High Gradient Insulator
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field emitted
electrons
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y = 104.27x

Conventional Insulators
-0.2592

Emitted electrons + y = 23.366x

repeatedly bombard

L surface
Closely spaced conductors inhibit the breakdown process

Emitted electrons
repelled from surface

Surface breakdown field stress (MV/m)
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HGI structure forms _
a periodic
electrostatic
focusing system for  '#°
low energy electrons
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Leopold, et. al., IEEE
Trans. Diel. and Elec.

Ins. 12, (3) pg. 530 -
\ P (2005)

*U. S. Patent No. 6,331,194
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HGIs have withstood extreme Research Program

c o n d i ti o n s . Lawrence Livermore National Laboratory

=« On ETA-II (5.3 MeV, 2 - +
= KA, 50 ns pulses) HGI Wall current _ §
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= * 17 MV/m insulator

T"lllll

gradient §<—Wire mesh C iy
: 10 ns —
« Beam dump in vicinity _ >20 MV/m
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A basic pulse generator is formed .Research Program %
from two transmiSSion Iines . Lawrence Livermore National Laboratory

All DWA configurations employ parallel plate transmission lines

dielectric

conductors

L
One way transit time ineach line T= Ea\/Sr

Impedance of each transmission line /= 1207 i
1/8r w
V _Ed_+&wE
Typical current flow in the line with a gradient E == = r
P 9 7~ 7 120m

Example: E=50 MV/m,w =1 cm, ¢, =3 => 2.3 kA
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Operation of a basic Blumlein .Research Program %

p u I s e g e n e rato r . Lawrence Livermore National Laboratory
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Oil switch/Polypropylene Blumlein has .geam

. g esearch Program
achieved 100 MV/m stress in ——— /Lfo }’:gg
. . . awrence Livermore Nationa rator
transmission lines for 5 ns pulses . ’
Blumlein provides electric field across M
the load (HGI) ' \

— Vcharge_r
Vout_r

< 100

thin polypropylene sheets
Blumlein section Matched output line

Output monitor 50 K *%E

Switch gap (self-breaking oil switch)

Voltage (kV

o
o

Charge/switching monitor
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SiC photoconductive switches .Research Program
Offe r u n I q u e adva n ta g es* . Lawrence Livermore National Laboratory
ml(‘;;/;p'pe [ Xo —b ’ |§£§f§1 Vé?;%j ) Conducti?r: Region
a c - plane \ : —
/ ' Crystal /A |
micropipe
5 [0001] - Si
) ‘ a - plane
7 L Crystal
/ [110(V

wﬁm
(1100)-plane

SiC offers the possibility of high (n-plane) '1.‘?_‘1’,;;.‘{.'2:“
voltage, high current operation

at elevated temperature with >

long lifetime and low jitter

BN *Patent pending I[OOOH -
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SiC switch demonstrates .Research Program
fa St O p e rat i o n * . Lawrence Livermore National Laboratory

« SiC photoconductive switch that closes AND
opens promptly has been demonstrated at 27.5
MV/m gradient

|
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= 1.5 ns late due to cble length
1000 = Wi \ =
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* Patent pending
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Beam

R h P,
enhancements must be managed bl i }fgé
at triple junction interface |

Beyond 27 MV/m, field .

Large enhancements are present at Modified electrode geometries are
electrode interface being pursued for increased gradients*
Si02 Layer
/
3E+008 r _..--/
25E+008 ; 6H'Sic

264008 |

1564008 [

Emog (V/m}

Crack along crystal plane

IE+008 -

5E4007 -

| .

0 2 4 6 8 D 2 7:::_ 4 6H-Si1C

Switch failure at 11 kV

\V ° * Patents pending
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A new castable dielectric is one of Beam
Research Program

th e p os s i b I e m ate ri a I s fo r a DWA* . Lawrence Livermore National Laboratory

Cast dielectric has high bulk breakdown strength > 400 MV/m (small
samples) and can have epsilons from = 3 up to = 50 for transmission lines

8000 -+
7000 - * -
6000 e - * s
5000 . * M Cast Composite
£ . - Dielectric
S 4000 Breakdown Strength = V/gap
3000
2000 / .
Nominal Ga
1000 100 MV/m Polished it P
0 ‘ Steel Ball
0} 5 10 15 20
Number ﬁT
h Polished
Steel Ball
| ]‘ * Patent pending
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T Th . lLI' SCHOOL OF MEDICINE UCDAVIS
omoinerapy AND PUBLIC HEALTH CANCER CENTER

13

INCORPORATED



A new castable dielectric is one of Beam
. . * Research Program
the pOSSIbIe materlals for a DWA . Lawrence Livermore National Laboratory

. ’

=10,1.2m Ion!j&i.ét.;#"

« Prototype single arm cell

— 4 cast dielectric zero integral pulse
generating lines producing 25 ns pulse

— 4 self-breaking oil switches

— Power coupled to beam through 4 high
gradient insulators

— 3 MV/m gradient across stack and HGI’s
b with 1 kA electron beam load
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Cast dielectric opens up new
cp sgrgs . * Research Program
pOSSIbIIItIeS for cell arChlteCtures .LawrenceLivermoreNaz‘iona/Laboratory

20 00 1)

example: vary relative ¢ only
or relative u only

s(r)=smm[%]2 )=t ]

Radial ZIP line, 30MV/m charge
Unloaded configuration

N
(=]

Constant impedance radial ZIP line

=

o

* varying &, u and width of lines with

/m
|
| \
R
radius such that Z(r) is constant ' ~
results in distortionless transmission

h ~o 10 20 30 0 50 60 70 80

1 * Patents pending time (ns)

\ I
( University of Wisconsin
UL' w SCHOOL OF MEDICINE UCDAVIS

TomoTherup_y'“ AND PUBLIC HEALTH CANCER CENTER

INCORPORATED 15

Electric field (MV/m)

N
S

[}
(=]




Beam

Embedded electrodes can .Research Program
W i t h s ta n d 1 0 0 M V/ m . Lawrence Livermore National Laboratory %

Dielectric Stress (MV/cm) . A B
] A A

Net System Stress (MV/cm)

“Thin” conductor (0.762 mm) Charge voliage (V)

» System gradient > 100 MV/m
(counting electrode thickness)

* Performance for a thinner (SiC)
configuration should be better

‘ ‘,. Dielectric
<
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Beam
Research Program

. Lawrence Livermore National Laboratory

protons

We have been investigating the potential
application of the DWA to cancer therapy

Shizuoka Proton Center, Japan ;.. so/ud0s

*

e, 8 MV

g X rays
gantry vault

l I

-
e

relative dose (%)

fast
neutrons

de t)th in tissue
* Bragg peak minimizes damage to
normal tissue

— Requires 70 - 250 MeV at = ten
nanoamperes average current
, » Current space requirements
S = -3 ; preclude use in most hospital

facilities; large capital investment
required

X-ray treatment machines fit in a single room -
this is our goal for a compact proton machine
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Beam

DWA can be used in the sequential .Research Program
pUIse traveling Wave mOde* . Lawrence Livermore National Laboratory

HGI characteristics imply that the highest gradients will be attained for the shortest pulses

l 0000000000000

————— s 4 - - - - - - - - -
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1} .
Along the wall E (r.1,z)=E (r,7) . Super Gaussian
T=t-27/u %0-3-Ahigh on-axis \
2 gradient is
E (wall) y= 1 wo.¢ | maintained as
A /1_ u2/c ‘ﬁ Ior!g :as e_s 0.3
A S04} This |m!3I|es Gaussian
s A = full width at half maximum W f::‘sgist;f“athe «
= itati 0.2}
y u = speed of wall excitation B ion to Sech —»
y = Lorentz factor B ral ns
T 0k
0.01 0.1 1 10 100
b This accelerator can work for any charged particle 0= %
\V .
U, *patent pending
‘ University of Wisconsin
'I' Th ; UL- SCHOOL OF MEDICINE UC DAV|S
omoinerapy AND PUBLIC HEALTH CANCER CENTER

INCORPORATED 18



Beam

DWA supports a virtual traveling .Research Program
Wave by co nti n u o u s Wa I I exc itati o n* .Lawrence Livermore National Laboratory

Longitudinal Electric Field Plot

[ E— e —— |
v“

““~Charged Blumleins

3 patent pending
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Accelerator timing is set with a fiber .Research Program
o pti c d istri b uti 0 n syste m . Lawrence Livermore National Laboratory
e (Grating Qutput Optcal
Laser|Input { E
Beam \ i
\_| Fiber Alignment
Structure
Housing /‘ (Stho erhead)

o ;
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Stacks of “Blumleins” with independent .Beam

switch triggers implement the virtual Research Program }X@
. Lawrence Livermore National Laboratory
traveling wave* .

Optical
coupling

Laser

Y

HGI
“Blumlein”
Proton ——» Focusing
source HGI
|
|
“Fl
- 5
Beam SiC Monitor /
photoconductive Stack of
switches “Blumleins”
‘0 * Patents pending
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Novel source and electrode
] L e % Research Program
sySte m p rOVI d es g re at fl eXI b I I Ity .Lawrence Livermore National Laboratory

Focus _
electrode Grid oof
Extractiong gorcoi00e >
stectroce | | |t MMM s,
(11 et 1 2
Gate electrode i O wf
_I LU DLV L g f
. i £ wof
e e e e e e e s
! ! 3 f
Grid Grid C
* .
Spark discharge patent pendlng
proton source*
. 0.9
« The DWA proton accelerator uses only electric 08
focusing fields for transporting the beam and o7| 250 MV
focusing on the patient - z:
— Wide range of spot sizes (2 mm - 2 cm diameter) S 4
can be obtained for 70 - 250 MeV proton energy - 03
varied on each pulse 0.2
— Variable beam current on each pulse 0.1
—, Variable beam energy on each pulse 0 250 B0 700 120 130 60 130 200

Focus Electrode Voltage (kV)

w \‘f
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Spark diSCharge proton . Research Program }:é
source i S ve ry com p a ct* . Lawrence Livermore National Laboratory

Pulsed
Discharge
Circuit

v
0

Hydrated Ti

lon Source: L S
Typical proton l,~1A J \

Output 10 s 4»{ }47
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Beam
Research Program
Lawrence Livermore National Laboratory

Beam capture into the DWA
for a nearly ideal waveform*

t = 1E.30 ra
t = 18.50 n=
W e b e

107, 5 E
G500
0.2 'l
Sl
i3 3

e

E
w0 8,

1=
1000 2
—£0.00
=S 1
=
A C n

5 10 15 20, .
o e/t LR PROTEHO0MS b temdipd 7 (am patent pending

Joaniels itk LEP AP ROTON OGN0 2eb s ornevisB3.
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Compact proton accelerator can provide Beam
. - . . Research Program
active scanning without sweeping

. Lawrence Livermore National Laboratory
*
magnets

Conventional Techniques**

Compact Accelerator Technique
PASSIVE SCATTERING

* minimal beam interception

+ electronically adjusted range
* minimum length arrangement

Range-shifter
s&h«l

First 's«onldd‘jcmerl" + * lower beam current
scaterer ocC H 1 . .
WCREPTS Collimpor ] o - less radiation
Region with . i i i
—_— L h;/mom B less res? |du.al actlva.tlon
Ll:e I.m;xm —p * less shielding required
i Wasted protons

ACTIVE SCANNING Patient

Target

| No compensator, and generally
| no collimator needed

' Mechanically
Evolution of scanned beam*
the lateral —
beam profile , No wasted protons

** Goitein, M., Lomax, A., Pedroni, E., “Treating Cancer With

‘ \ Protons”, Physics Today Sept. 2002, pg. 45
-

* Patent pending
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Beam

Compact proton radiotherapy .Reseamh Program
system concept* | }f\é

+ Pencil beam can be mechanically scanned in x and y

 Flexible dose delivery via pulse-to-pulse variable
energy and intensity
Energy range 70 - 250 MeV
- Multiple patient delivery configurations possible to
accommodate available space

Vertical option

J 17

* Patent pending
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We are working with UCDAVIS
rapy Tomotherapy, Incorporated CANCER CENTER
RRRRR to develop a compact proton
DWA

o System will provide CT-guided rotational IMPT

e Goal is to fit machine in a standard linac radiation
vault

e The beam intensity, spot size and energy can be
varied from pulse to pulse without the use of any
beam intercepting methods

— No range shifting wedges or scattering masks

e TomoTherapy has licensed the DWA technology
from the Lawrence Livermore National Laboratory
and has a Cooperative Research and Development
Agreement (CRADA) with LLNL

Beam
Research Program
Lawrence Livermore National Laboratory




Compact proton radiotherapy system

=

1 <
1

]

]

|

1

UL_ UCDAVIS
CANCER CENTER

concept

200 MeViprotons in 2 meters

Energy, intensity“and spot width
variable pulse to,pulse

Nanosec pulse lengths
At least 200 degrees of rotation

50 Hz pulse repetition rate m

a
possible
tron dose (neutrons sti )
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R&D issues for a high .ggggmh Program
current, longer pulse system - %

- HGI - what is the reliable working gradient that can be sustained
— Length scaling to very large excitation lengths (= 3ns x c)
- SiC switches
— Optical power required for triggering
— Laser system
— Optical distribution system
* Proton injector

* How to add focusing with minimum impact on gradient
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Limited length scaling will be .,Ejjgmh Program
teSted With HV pu Iser . Lawrence Livermore National Laboratory ;ng

* Delivers 3-5 MV into a 160 Q matched load, 1~2 ns pulse
« Will permit testing of hollow insulators at full radial scale

Forming System Laser lrigger Input

HV Pulse Transformer
Laser Triggered Liquid Switch \ r#'
AN i
| N T
ﬂ%;;\{:_ i i Eﬁ-g
=T 1 —
'o\l‘j ‘ 1 1 ¥ -@ :
tel b 4
| } L@ ASZ4N
o | W o ilel | it
t
k7l N Ergy
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T
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Near term plans for proton .g;;;,ch Program
a c ce I e rato r d eve I O p m e nt . Lawrence Livermore National Laboratory %

- We are working towards development of a subscale prototype over the
next 10 months

— A small length of accelerator sufficient to verify the accelerator architecture and HGI
performance with SiC switches

/ accelerator - Over the next 10 months we will be testing
individual components to assess
“Blumlein” performance limits

_ — Solid dielectrics
Injector — Photoconductive switches
* — High gradient insulators
IIIIIIIIIIIIII HGI
- Subscale prototype (= 10 cm) ready for
/ test in 10 months
Proton source

b rSwitch
‘ \V
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Beam
Research Program ;réé

u a y . Lawrence Livermore National Laboratory

- DWA promises to dramatically increase the
accelerating gradient of induction accelerators

« Good progress is being made on the
technologies needed for the DWA
— SiC photoconductive switch (27.5 MV/m stress)
— Pulse forming line dielectric materials (> 400 MV/m)
— High gradient vacuum insulators (up to 100 MV/m)

« Compact proton therapy accelerator concept for
IMPT has been described
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SpOt scanni ng and distal edge .Research Program }:é
tra C ki n g ( D E T) . Lawrence Livermore National Laboratory

SS Spot Locations (~300) DET Spot Locations (~20)

10

5
£ o
Distal E
-5 X
Target
10 -
-10 -5 0 5 10 -10 -5 0 5 10
X {cm) X {cm)
)\ - Multiple directions or arc therapy and intensity
\V modulation required to obtain uniform dose distribution
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SpOt Scanning and distal edge .Research Program }:é
traCking (DET) diStribUtion S . Lawrence Livermore National Laboratory

SS Dose Distribution, 5 directions DET Dose Distribution, 25 directions
10 - 10 -

y (cm)
=

-10
-10 -5 0 5 10 -10 -5 0 5 10
X (cm) X (cm)

- DET can be delivered with limited arc therapy
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